Abstract. Microwave conductivities and dielectric constants along the c axis at 44.5 GHz in a π-d correlated metal λ-(BEDT-TSF) 2 FeCl 4 have been measured by a cavity perturbation technique as a function of temperature and magnetic field. In the anomalous metallic states at 8.3 K(= T MI ) < T < 70 K(= T FM ), the microwave conductivity is much lower than the dc conductivity, while the dielectric constant is enhanced to the order of 10 3 , taking a broad maximum around 30 K. From the results of 1 H-NMR and recent X-ray diffraction measurements, it is expected that dielectric domains or stripes might emerge heterogeneously in the metallic background. Drastic changes have been observed in the microwave response below T MI which shifts to lower temperatures by external magnetic fields. The anomalous metallic state is found to recover in the reentrant metallic states under magnetic fields higher than the critical field for the reentrant transition.
INTRODUCTION
The title compound exhibits various interesting low-temperature properties originating from a socalled π -d interaction. The electrical resistivity shows a metallic decrease down to a metal-insulator (MI) transition temperature at T MI = 8.3 K [1] . Below T MI , the electrical resistivity drastically increases due to a localization of π electrons. According to the current-voltage characteristics well below T MI , a nonlinear electrical transport has been observed together with negative resistance and switching effects [2] . From the magnetic susceptibility following a Curie-Weiss law down to 10 K, it is concluded that the Fe 3+ ions possess a high spin of S 3d = 5/2. A drop in the susceptibility just below T MI indicates that the localized π electrons induce a quantum spin of S π = 1/2. The anisotropic magnetic susceptibilities for fields perpendicular and parallel to c reveal an antiferromagnetic long range ordering, and thus an antiferromagnetic insulating (AFI) state develops below T MI . Recently the X-ray diffraction measurements have revealed that the MI transition accompanies a first-order structural phase transition [3] .
We have already reported the anomalous metallic state at T MI < T < 70 K(= T FM ) from the microwave measurements for an electric field configuration at 16.3 GHz applied parallel to c [4, 5] . To study the anomalous metallic state and AFI states in more detail, we have carried out the temperature and magnetic field dependence of the microwave conductivity and dielectric constant along c at 44.5 GHz.
EXPERIMENTAL AND ANALYSIS
Single crystals were prepared by an electrochemical oxidation method. Microwave measurements were done with use of our homemade scalar network analyzer system. To obtain the microwave conductivities, a cavity perturbation technique [6] in TE 011 mode at 44.5 GHz was employed with a cylindrical cavity made of an oxygen free copper. In this study, the microwave electric field was applied parallel to c. The resonant frequency (f s , f 0 ) and resonance width (Γ s , Γ 0 ) for the cases with 
and without a sample (0) were measured by the resonant curves following a Lorentz shape. The filling factor γ amounted to the order of 10 -6 due to the needle shape crystal weighing a few µg. The microwave measurements along c were performed on several samples in order to check the data reproducibility.
In general, a microwave response is divided into two regimes. A skin depth and sample dimension are defined as δ and d, respectively. The regime of δ > d is called a depolarization regime, where microwaves penetrate throughout a sample. On the other hand, the regime of δ < d is called a skin depth regime. In this case, microwaves partially penetrate into δ from a sample surface. Different schemes have to be applied to calculate a complex conductivity and dielectric constant for these regimes. In the present system, the depolarization regime is found to hold in all the temperature regimes, as described below. In the depolarization regime, a complex dielectric constant (ε = ε 1 + iε 2 ) is evaluated from
Here ∆Γ/2f 0 = (Γ s −Γ 0 )/2f 0 and ∆f/f 0 = (f s -f 0 )/f 0 represent a width change and a frequency shift, respectively. A depolarization factor n depends on a sample shape. A complex conductivity
(2)
RESULTS AND DISCUSSIONS

Temperature dependence of V 1 c and H 1 c
The width change along c exhibits an anomalous increase below 30 K, which is in contrast to the dc resistivity ρ dc c [7] decreasing monotonically down to T MI . This fact indicates that a microwave loss anomalously increases, which is consistent with the previous results at 16.3 GHz [4] , and hence the system still remains in a depolarization regime even in the temperature range at T MI < T < 30 K. In case of a conventional good metal, such microwave loss is not observable. In order to determine the depolarization factor n c along c, it is assumed that the microwave conductivity σ 1 c is equal to the dc conductivity σ dc c at T = 100~150 K. Then we obtain n c = 2.27 x 10 -2 , which is larger than 1.2 x 10 -2 evaluated by assuming the sample as a prolate ellipsoid. c and σ dc c just above T MI amounts to about two orders of magnitude. On the other hand, below T MI , σ 1 c decreases by three orders of magnitude, whereas σ 1 c is much higher than σ dc c . A charge gap opens due to the localization of π electrons, which is estimated to be 2∆ = 14 K from the temperature dependence of ρ dc c well below T MI [2] . The microwave energy, however, is much lower than 2∆, and hence single particle excitations never occur. The present microwave response is attributed to some collective modes in the charge ordering states of π electrons. To note, similar conducting behaviors have been observed in such insulating states as SDW, CDW and charge disproportionation.
As shown in Fig. 1 , ε 1 c changes its sign from negative to positive values around T FM in highly metallic states as far as the dc resistivity concerns. At the broad maximum around 30 K, ε 1 c reaches to 1700. When the π electronic systems transit to the AFI state, ε 1 c takes a sharp peak and becomes very small as 45 below 5 K. In contrast, the low-frequency ε 1 c at 10 Hz-100 kHz in the AFI state is so large as to amount to 10 3 -10 4 [7, 8] , which tends to increase divergently towards T MI , suggesting an existence of a peak. The structural phase transition observed by X-ray diffraction experiments [3] indicates the lowering of the crystal symmetry from P1 to the unique subgroup P1 without inversion symmetry. Judging from these experimental facts, it is highly probable that the MI transition may accompany a ferroelectric ordering in coexistence with the antiferromagnetic ordering.
In the anomalous metallic states, we have also observed anomalies in other experiments. The specific heat shows a discrete jump at T FM , which suggests some structural anomalies [9] . In the profile of field-swept 1 H-NMR spectra [10] , only a single peak has been observed above T FM , whereas side peaks emerge, below T FM , to overlap the single peak. Since the main peak still exists even below T FM , the electronic state in the normal metallic state above T FM remains to coexist with the low temperature phase. Further X-ray diffraction experiments [11] have observed anomalies of the lattice constant along c at T FM . Moreover, the peak profile of the (007) Bragg reflection becomes highly deformed just at T MI < T < T FM . These experimental facts indicate that dielectric domains or stripes emerge heterogeneously in the anomalous metallic states. Although the origin of thus phase-separated states has not been clarified yet, the anomalous metallic state is likely to occur as a precursor of the ferroelectric state below T MI . As a result, the MI transition is independent on directions of H. It is noteworthy that the dielectric, conductive and magnetic properties in the AFI states can be controlled by external magnetic fields.
Magnetic field dependence of
In Fig. 2 , there appear discrete jumps around 1 K in both σ 1 c and ε 1 c , which little depend on temperatures and diminish above 12 T. The dc resistivity below T MI rapidly increases via many successive jumps with a temperature hysteresis, which suggests a first-order phase transition [5, 12] . According to these resistive jumps, it is considered that many metastable states exist in the AFI states. The discrete jump observed in σ 1 c and ε 1 c at 1 K might correspond to the metastable states. Such jumps, however, have not been observed in the microwave response for the configuration of H ac // c and H // a * . This indicates that the present jumps in σ 1 c and ε 1 c observed at 1 K could be attributed to charge degrees of freedom of π electrons.
The anomalous metallic states firstly observed along c at 16.3 GHz have been confirmed by the present measurements at 44.5 GHz. The results of the microwave conductivities and dielectric constants for other configurations are reported in Ref. [7] , also describing detailed discussions on the anomalous metallic states. 
